The paper describes two methods of design of blading systems of radial-axial turbines for an Organic Rankine Cycle (ORC) cogeneration unit working with silica oil MDM. Preliminary design of the turbine flow part draws on methods of 1D calculation and pre-selection of basic geometric characteristics. Final design involves also methods for construction of 3D geometry and methods of 3D flow calculations of the turbine flow part. 3D numerical calculations of turbine flows are made with the help of the software package IPMFlow, developed based on the earlier codes FlowER and FlowER-U, or using the software complex ANSYS. 100 kW ORC turbine designs with the single-stage radial-axial turbine are elaborated in this paper.
Introduction
A promising direction in the development of energy saving technologies is the use of low-power cogeneration plants working on low-boiling working fluids. Such plants can be used for disposal of low-temperature thermal waste and for work on renewable fuels such as different types of biomass.
An important element of the ORC cogeneration plant is turbine. The peculiarity of low-power ORC turbines, that is its relatively small size, makes a non-trivial task to achieve an acceptable level of gas-dynamic perfection.
Centripetal turbines are widely used whenever a compact design is required, for example in turbocompressors. This type of stage is characterized by a relatively high efficiency and can process relatively large enthalpy drops. A highly loaded stage, especially for large particle fluids like MDM, can process pressure ratios over 100 and according to some authors even up to 400 [1] . For this reason they are attractive from the point of view of microcogeneration, when an ORC system is used [2] .
The paper describes two methods of turbine design, the first method was developed at the Szewalski Institute of Fluid-Flow Machinery, Polish Academy of Sciences (IFFM PAS) in Gdansk, the second -at the A.N. Podgorny Institute for Mechanical Engineering Problems of National Academy of Sciences of Ukraine (IPMach NASU) in Kharkov. In the first method the software package ANSYS is used for the numerical investigation of viscous flow in turbines A 3D turbulent flow model for the second method is realised in the program complex IPMFlow, which originates from the programs FlowER and FlowER-U. Also, examples of designs of flow parts of the radial-axial type turbines using these methods are presented.
An algorithm for the designing of turbine flow parts developed at IFFM PAS
The design process begins with 1D meanline calculations. The design data can consist of non-dimensional parameters such as velocity ratio, blade load coefficient, flow coefficient, specific speed or diameter etc. or alternatively, whenever specific constraints are imposed on the dimensions the parameters, of the dimensional parameters such as diameters or blade heights. The losses can be approximated by various correlations such as Traupel [3] or Abramov-Filipov-Frolov [4] . It can be assumed that the impeller is unshrouded or shrouded. The shrouded variant is usually preferable as it not only allows us to obtain a greater efficiency of the flow system, but in addition reduces the axial force acting on the shaft, because the cover acts as a partial relief. Fig. 1 shows how the isentropic efficiency of the turbine changes depending on the size of tip clearance. It can be observed that this solution gives efficiency benefits in the range of 3 to 5 percent for practical values of tip clearance. The disadvantages of the shrouding include more difficult technology and worsened structural properties. Nevertheless, the peripheral speeds in organic fluids are relatively small. Due to the high values of the Mach number at the nozzle outlet it is necessary to use de Laval nozzle. One of the methods of designing shape of the divergent part is the method of characteristics. This is to avoid the shock wave in the divergent part of the channel. The method of characteristics is used to solve the potential flow equation in supersonic regime [5, 6] 
( 1) with the assumption that the flow is irrotational 0
The thermodynamic closure can be defined as ; 
where Γ is the fundamental constant for gas dynamics
An example of a nozzle shape can be seen in Figure 2 . When the nozzle shape is obtained, the blade shape can be constructed, Figure 3 . The de Laval nozzle can be symmetric or asymmetric. The rotor blade is designed in the BladeGen software, which is a part of the ANSYS software [8] . The whole passage is defined by hub and shroud curves, which can be built of splines or Bezier curves. The blade shape is defined as the distribution of the backbone line angle from inlet to outlet and its thickness. The distributions can again be made of splines or Bezier curves of any order. An example of a complete radial-axial stage is presented in Figure 4 . Once the geometry is created, the stage can be analysed by means of three dimensional CFD. The domain discretisation is performed in ANSYS TurboGrid or ICEM CFD packages [8] .
The designed radial-axial turbine is a 200 kW machine operating on MDM as a working medium. The inlet parameters are determined here as: pressure -12 bar, temperature 553.5 K. For the cogeneration ORC installation, the temperature in the condenser was set at 363 K at the saturation pressure of 0.17 bar. The ORC cycle is equipped with a recuperator to increase the cycle efficiency. The resulting pressure drop in the turbine blading system is equal to 70. The rotational speed of the rotor was assumed equal to 15000 rev/min.
Sample stator and rotor meshes used in the process of 3D computations of this ORC turbine are illustrated in Figures 5 and 6 . Mach number contours at the mid-span section of the nozzles is presented in Figure 7 . An example of pressure distribution in the rotor is shown in Figure 8 . The turbine stages designed through the described methodology can easily achieve efficiencies approaching 90% despite of the fact that the stages are highly loaded and flow can have high Mach numbers. A method for the designing of turbine flow parts at IPMach NASU An algorithm for the designing of turbine axial and radial-axial types is introduced in Figure 9 . The first step is a preliminary calculation of geometrical characteristics of the flow part using relatively simple methods, based on solving one-dimensional or quasi-axialsymmetric equations [9, 10] .
To construct the full three-dimensional geometry of the flow part on the basis of the obtained geometric characteristics, analytical methods of profiling of flow parts are used. These methods allow us to build turbine stages of axial and radial-axial types. Calculations of three-dimensional turbine flows are performed using the program complex IPMFlow. Most of 3D calculations are performed on coarse grids (with a relatively small number of cells). The refined grids are used only for final calibration calculations. The algorithm of designing the flow part is automated. Several methods for solving optimization tasks such as the Nelder-Mead method and genetic algorithms are used to generate new values of variable parameters (geometric characteristics of the flow part). An automated approach usually requires several hundreds of iterations [9, 11] . Stochastic methods allow for searching of global extremes, but this usually involves increased computational costs [12, 13] . In the given examples, it took up to one hundred 3D calculations to obtain the final form of one stage.
Building of 3D geometry of the flow part
For building the radial-axial turbine stage, a method described in [14] is used (Fig. 10) . The leading edge is assumed parallel to the rotational axis x , the trailing edge is normal.
Tip and hub endwalls are described by curves consisting of an arc and a straight connected with the arc. Initial data for the construction of meridional endwalls are: r max , r min − maximum and minimum radiuses of the rotor channel; x max rotor width; l in , l ex − inlet and exit heights; , , , − angles of the tip and hub endwalls at the inlet and exit (Fig. 10) . The blade is defined on two sections of rotational surfaces of the tip and hub endwalls. The sections are described by coordinates: rφ − along the circumference; s − distance from the leading edge. Profile coordinates on rotational surfaces of the tip and hub endwalls are found as a sum of coordinates for the mean line rφ ml (Fig. 11а ) and profile thickness rφ (Fig. 11b) : The mean line is a 3-rd order polynomial (Fig. 11а) :
where a i − coefficients. The profile, symmetrical with respect to the mean line is composed of: 1-2 − leading edge; 2-3 − circle arc; 3-4 − straight interval; 4-5 − trailing edge.
The initial data for building the profile are: b s − profile width; β in , β ex − mean line angles at the leading and trailing edge; r in , r ex − leading/trailing edge radiuses; c max − maximum profile thickness;  − leading edge angle; d − distance from the trailing edge, where the second derivative of the mean line equals 0 (Fig. 11) .
3D flow calculation method
For numerical investigations of flow, the software complex IPMFlow is used, which is the development of the software systems FlowER and FlowER-U. It implements the following elements of the mathematical model: the Reynolds-averaged nonstationary Navier-Stokes equations, SST differential two-parameter model of turbulence of Menter, implicit quasimonotone high-order ENO-scheme. To account for real thermodynamic properties of the working fluid the Tammann equation of state or the modified Bennedict-Webb-Rubin equation of state with 32 coefficients are used. The results of computations obtained from the code IPMFlow have the necessary reliability in the qualitative structure of flow and in the quantitative characteristics of the isolated turbine cascades and turbine as a whole [15, 16] .
Example of design of the flow part of a radial-axial ORC turbine
The designed ORC turbine is a 100 kW machine operating on MDM as a working medium. The inlet/exit parameters were determined the same as for the 200 kW machine. The resulting pressure drop in the turbine blading system was also equal to 70. The rotational speed of the rotor was assumed this time equal to 14000 rev/min. Main geometric characteristics of the stator/rotor (S, R) configuration, including inlet/exit radiuses (r), blade heights (h) and blade numbers (z) are given in Table 1 . The minimum blade height is here 5.43 mm. The meridional section of the turbine stage and hub-to-tip rotor sections together with an isometric view of the blading system are presented in Figure 12 . Although the flow system consists of only one stage which consumes a large pressure drop, flow pictures such as velocity vectors in meridional and blade-to-blade sections or static pressure contours look favourable, Figures 13-16 . The maximum Mach number in the entire flow domain does not exceed 2. The flow patterns do not exhibit shock phenomena nor separations. As a result, the flow efficiency is high and equals 88.5 %. 
Conclusions
The described design methods enable the elaboration of radial-axial turbines for ORC cogeneration units. The methods are based on mathematical models of various levels of complexity -from 1D to 3D. 3D turbulent flow model is realised in the software complex IPMFlow or in software complex ANSYS. Two variants of the flow path of radial-axial turbines were presented. All turbine variants exhibit satisfactory flow efficiencies.
